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The process of chemical corrosion of glass is investigated using a methylene blue indicator. Kinetic and con¬ 
centration dependences for adsorption of the colorant by silica acid gel are obtained, including the process on 
the bottle inner surface. Causes and the mechanism of origin of sediments in vodka are discussed, and practi¬ 
cal measures preventing sediment formation are proposed. 


A glass container constitutes one of the most reliable 
packaging materials for various alimentary products, medi¬ 
cations, perfumery products, etc. 

Unfortunately, occasionally one encounters cases of seri¬ 
ous violation of the rules for storage and usage of glass con¬ 
tainers, which leads to quality degradation and damage to 
packaged food products. Such instances can be attributed to 
chemical corrosion of the inner surface of the glass, as well 
as an unsatisfactory state of the glass container surface that is 
in contact with the packaged food product. 

Industrially produced glass containers usually meet the 
requirements of current regulatory documents with respect to 
the glass composition and the water resistance parameters. 
However, food products packaged in containers made of 
such glass are frequently damaged (turbidity, sedimentation, 
etc.). This is especially typical of bottled vodka products. 

Therefore, the main reason for spoiling of the food pro¬ 
duct (vodka) is the unsatisfactory state of the contact surface 
caused by the duration and conditions of storage both of the 
empty glass containers and of food products packaged 
in them. 

During long-term storage of empty bottles, chemical cor¬ 
rosion of the inner glass surface takes place under the effect 
of atmospheric moisture, which later has a negative effect on 
the food product quality. Thus, a sediment of difficultly solu¬ 
ble silicates can be formed in the course of filling and storage 
of vodka bottles [1 —4], The research and Development In¬ 
stitute of Glass currently continues to receive orders for in¬ 
vestigation of the causes of turbidity of vodka and formation 
of sediments. 

The studies by I. V. Grebenshchikov and other research¬ 
ers summarized in [5, 6] demonstrated that water acting upon 
a newly formed glass surface causes hydrolysis with emer¬ 
gence of hydrated silicates and hydroxides. 
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These reactions can be represented schematically as follows: 


Si — O 


Si— ONa + H 2 0 


SiO^O 


OH + NaOH. 


( 1 ) 


Soluble hydroxides of alkali metals easily leave the 
places of their origin and dissolve in water. Difficultly solu¬ 
ble hydroxides remain on the glass surface together with the 
silicon frame, whose composition corresponds to the compo¬ 
sition of condensed silicic acids. The emerging surface layer 
has a higher concentration of silicon oxide than the initial 
glass and is interspersed with ultrafme pores filled with hy¬ 
drolysis products. The hydroxides and salts of alkali metals 
emerging and dissolved in water, which are not removed 
from the surface, destroy the surface silica layer in accor¬ 
dance with the reaction 


Si—O—Si- 


O — Si — + NaOH 


-Si^O^Si- 


OH + Na 2 Si0 3 . (2) 


As a result of hydrolysis, the following reactions take place: 

Na 2 Si0 3 A 2Na + + Si0 3 ; 

+ + 

2H 2 0 A 20H“ + 2H + . (3) 

t; i 

2NaOH + H 2 Si0 3 - gel 
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r x 10 ~ 6 , mole/g 



Fig. 1 . Kinetics of adsorption of methylene blue indicator by silicic 
acid gel (solution concentration 2.67 x 10 5 mole/liter). 


log T [mmole/g] 



3 4 5 Fig. 2. Logarithmic isotherm of indica- 

- log c [M] tor adsorption for silicic acid gel. 

The silicic acid gel formed on the surface, which has a 
loose structure interspersed with pores, facilitates diffusion 
of water and NaOH toward glass areas concealed under the 
gel layer and thus intensifies the destruction of the glass. 
However, the formation of this gel is a rather lengthy pro¬ 
cess, due to the low concentration of H + ions in the alkaline 
solution that is formed according to reactions (l)-(3) be¬ 
tween the glass and water and dissolution of condensed al¬ 
kali compounds that were formed as a result of partial vola¬ 
tilization of alkali oxides in the course of glass formation [3]. 
This is indicated as well by the result of measuring free alka¬ 
lization on the inner surface of the bottle. The average Na 2 0 
content on the inner surface immediately after bottle produc¬ 
tion does not exceed 1 mg/liter, whereas after several 
months of storage, the average content of Na 2 0 in bottles is 
25 mg/liter. 

A method for a prompt verification of the state of a con¬ 
tacting bottle surface has been proposed that is based on the 
use of methylene blue indicator [7], Let us analyze the main 
relationships typical of adsorption phenomena that are re¬ 
lated to chemical corrosion of glass and the use of the speci¬ 
fied control method. 

Initially, the experiments were carried out using silicic 
acid gel obtained according to the method described in [8], 
The gel samples were put in aqueous solutions containing 
methylene blue in various concentrations. The colorant ad¬ 
sorption value was determined from the difference in the so¬ 
lution concentrations using a photoelectrocolorimeter. The 
adsorption kinetics and its dependence on concentration 


were investigated. The kinetic curve for adsorption with a so¬ 
lution concentration of 2.67 x 10 -5 M is shown in Fig. 1. 
The Bedecker - Freindlich equation was used to analyze the 
concentration dependence: 

r=x//w = Pc 1/H , (4) 

where x is the number of moles of the adsorbed agent; m is 
the adsorbent mass; c is the solution concentration; P and 
l/n are constants. 

Taking logarithms of equation (4) we obtain 

log T = log p + - log c. (5) 

n 

It should be noted that in taking logarithms, T is usually 
expressed in mmole/g or mmole/cm 2 , and c is expressed in 
mole/liter [9]. 

The logarithmic isotherm of adsorption upon exposure 
for 1 h is shown in Fig. 2. 

The determination of the constants in equation (4) gives: 
P = 1.51 x 10- 4 liter/g, l/n = 0.47. 

Let us consider the mechanism of methylene blue ad¬ 
sorption by silicic acid gel, taking into account the electric 
double layer. Silicic acid gel, which is in contact with the wa¬ 
ter, typically has silanol groups on the surface: 

— SiOH SiCT + H + . 

The emerging H + ions transit to the liquid phase, but ac¬ 
cording to the Coulomb reaction with SiO ions, they form 
an outer shell in the solution at the solid-phase surface. An 
electric double layer is formed with its inner surface consist¬ 
ing of— SiO - : 

I 

—Si—OH —Si—0 -H+ 

I 

O O 

I 

—Si—OH — Si— 0~H + 


In this case, the component that determines the potential 
consists of the ions affecting the degree of dissociation of 
SiOH groups, namely, H + and OH - , whose activity in the 
solution is related to the ion product of FLO 
(a a = 10 - 14 ). OH - ions facilitate dissociation, and H + 

v H + OH - 

ions suppress it. Thus, with increasing pH of the solution, the 
negative charge of the surface and the equilibrium jump of 
the potential increase. As a consequence of this, the adsorb¬ 
ing ability of the gel with respect to positively charged ions 
is intensified up to formation of difficultly soluble surface 
compounds (according to the Faience - Panet rule). Methy- 
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lene blue colorant is basic in its chemical properties and dis¬ 
sociates in the solution: 

Ci 6 Hi 8 n 3 sci c 16 h 18 n 3 s + + cr. 

When the solution comes in contact with the silicic acid 
gel, the positive ion of the colorant is adsorbed by the nega¬ 
tively charged gel surface. In qualitative evaluation of the de¬ 
gree of chemical corrosion of bottle glass [7], its inner sur¬ 
face acquires a blue tint, which points to the presence of 
silicic acid gel on the bottle walls, since the gel adsorbs the 
colorant agent ions in accordance with the above-described 
mechanism. After bottles are manufactured, hydrolytic de¬ 
composition of their surface is accompanied by formation of 
hydroxides of alkali metals, carbonates, metasilicates, and 
other compounds [5,6], 

Various inspections carried out at alimentary and glass 
factories revealed that a qualitative reaction with the 
methylen blue indicator is registered in bottles stored for 
3-12 months (depending on the glass composition and pro¬ 
duction and the storage conditions). Experiments with 0.5-li¬ 
ter vodka bottles (storage duration 4 months) corroborated 
the truth of equation (4). The indicator adsorption on the in¬ 
ner surface of bottles was evaluated using the 
photocolorimetric method based on the concentration of the 
colorant extracted by ethyl alcohol after the end of the exper¬ 
iment. The logarithmic isothenn of adsorption in accordance 
with equation (5) is shown in Fig. 3. The equation constants 
are: P = 1.38 x 10 -6 liter/cm 2 ; l/« = 0.2. The variance of 
the values of the constants from the experimental data ob¬ 
tained for artificially prepared silicic acid gel is due to the 
small quantity of gel on the bottle walls and the high rate of 
colorant adsorption within the concentration range studied. 

The presence of silicic acid gel on the inner surfaces of 
bottles is the main reason for the formation of sediment upon 
long storage of vodka (which has an alkaline medium). OFk 
ions facilitate the surface dissociation of the gel. In long-term 
storage of vodka, the thin film of gel disintegrates, and sedi¬ 
ments are formed in the form of polysilicic acids and salts. 
To prevent this phenomenon, along with improving the 
chemical resistance of the glass, it is necessary to conform 
with production regulations and reduce the duration and im¬ 
prove the conditions of storage of empty glass bottles and 
finished products. 

In order to identify the type of corrosion on the inner sur¬ 
face of bottles and the reaction of this surface with vodka, 
corresponding studies were carried out, and data from [1] 
were used for bottles stored in the open for one year. The bot¬ 
tles were made of glass that meets the corresponding stan¬ 
dard requirements (GOST 10117-91, OST 21-51-82 with 
amendments). The degree of corrosion and the conditions of 
sediment formation during storage of vodka and alcohol 
solutions were evaluated for bottle lots (10 bottles each) 
using methylene blue indicator of concentration 
2.67 x 10“ 5 M. 


Fig. 3. Logarithmic isotherm of indi¬ 
cator adsorption for 0.5-liter bottles 
with 1.5 min exposure. 


- log T [mmole/g] 



T x 10 ~ 6 , mmole/cm 2 



Fig. 4. Kinetics of indicator adsorption on bottle inner surface when 
stored in open area. 


In bottles stored for 2 months, mass-scale corrosion was 
not registered, although certain bottles exhibited insignifi¬ 
cant tinting in the form of isolated spots. In further storage, 
inhomogeneous tinting and varying tint intensity continued 
to be registered in different bottles of the same lot. The kinet¬ 
ics of adsorption on the inner surface of the bottles is shown 
in Fig. 4. The shape of the kinetic curve for the colorant ad¬ 
sorption shows that the corrosion of glass surface initially 
proceeds slowly, then is accelerated, and finally becomes re¬ 
tarded again, as it approaches the adsorption equilibrium. 
Comparing the colorant adsorption kinetics with the charac¬ 
ter of surface tinting by the methylene blue indicator, one can 
draw the conclusion that the process of glass destruction 
evolves nonuniformly and silicic gel formation proceeds at a 
different rate at various sites of the surface. This is also evi¬ 
dence of the fact that the chemical-reaction kinetics and the 
formation of silicic acid gel can be regarded in the context of 
seed formation [10 - 12]. 

In storing vodka and alcohol solutions in bottles with a 
corroded inner surface, scaly and needle-shaped formations 
(crystal hydrates of silicic acid) were observed after 
1-2 months, and later amorphous gel-like sediments were 
seen, which can be related to formation and polymerization 
of silicic acids [13], 

The average result of the chemical analysis of sediments 
in the early period after sedimentation was as follows 
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(wt.%): 57.66 Si0 2 , 7.17 A1 2 0 3 , 16.35 CaO, 8.57 MgO, 
2.74 Na 7 0, 6.57 calcination loss. The substantial content of 
SiO, and the presence of perceptible quantities of A1 2 0 3 , 
CaO, and MgO point to the destruction of the silicon frame 
by the alkaline solution and leaching of the main glass com¬ 
ponents. The low content of Na 2 0 is evidence of its partial 
transition into the solution in the form of soluble silicates and 
partial binding in the form of complex insoluble silicates 
contained in the sediment. 

Upon further storage (10 - 12 months) of vodka in bot¬ 
tles with a corroded surface, the character of the sediment 
changes, and its average composition after calcination is as 
follows: (%): 43.00 Si0 2 , 42.63 CaO, 14.30 Na 2 0. The pre¬ 
sence of substantial qualities of CaO in the sediment during 
long-term storage of vodka points to the reaction between 
calcium silicate and NaOH accompanied by CaO adsorption 
by silicic acid gel and subsequent transition into the sediment: 

H 2 Si0 3 + CaO • Si0 3 + H 2 0. 

The increased amount of Na 2 0 in the sediment is pre¬ 
sumably related to the formation of difficultly soluble so¬ 
dium-calcium silicates. 

With increasing storage duration, the alkalinity of vodka 
increases, which is characterized by an increase in pH from 
7.03 - 7.25 (in initial vodka) to 9.20 - 9.50 (upon storage in 
bottles with a corroding surface for 4 - 6 months). 

After reaching pH = 9.5, the pH values become stabi¬ 
lized and even decrease to a certain extent. This is due to the 
participation of alkali ions in the formation of complex insol¬ 
uble silicates (in the sediment) and, possibly, their partial 
binding with silica (in the glass). 

On the basis of the studies performed and an analysis of 
practical data, we find it necessary to draw the attention of 
bottle producers and users to the following recommendations. 

It is important to use glass compositions that have suffi¬ 
cient chemical resistance. In spite of this recommendation 
being universally known and obvious, certain factories still 
use glass with insufficient chemical resistance and increased 
content of alkali oxides. In order to improve the chemical re¬ 
sistance, it is necessary to decrease within a certain limit the 
content of Na 2 0, to increase the CaO content while reducing 
the quality of MgO, and to use “the effect of two alkalis” by 
introducing a small quantity of K 2 0. These measures simul¬ 
taneously improve the melting and molding parameters of 
the glass as well. 

Storage of bottles in open areas should be shortened as 
much as possible, to prevent accelerated corrosion of bottle 
inner surfaces. This is especially true of shrink-wrapped bot¬ 
tle packages using polyethylene film. In addition to the im¬ 
pact of atmospheric precipitation, daily temperature fluctua¬ 
tions facilitate moisture condensation on the inner glass sur¬ 
face and its accumulation inside the bottles. Insufficient air 
exchange, especially in shrink-wrapped packages, results in 
increased moisture inside the bottle and accelerated destruc¬ 


tion of the surface layer. Therefore, it is not recommended 
that bottles be stored in open areas for longer than 2 months. 

Bottles should be blown out using purified air: prefera¬ 
bly, with controlled parameters of purification from mois¬ 
ture, oil, and other contaminants. 

The results of the studies performed show that occasion¬ 
ally chemical corrosion of a bottle inner surface occurs in spite 
of sufficient chemical resistance of the glass and a short term 
of storage. Apparently, this is due to the following factors: 

- increased humidity of the air used for blowing facili¬ 
tates the active reactions between the water vapor and the 
freshly molded glass surface, not yet coated with a protective 
silica film; 

- an increased content of oil vapor results in partial ad¬ 
sorption of oil on the fresh glass surface with formation of 
unstable surface compounds; 

- in both cases, the conditions for formation of a protec¬ 
tive silica film are deteriorated, and the film becomes looser 
and more permeable and insufficiently protects the glass 
from destruction by water and the alkaline vodka solution. 

Glass factories should produce bottles with a marked 
date of manufacture (the year and the year quarter). In spite 
of this obvious requirement, sometimes bottle producers 
manufacture, and liquor factories accept, unmarked bottles, 
which prevents full identification of the reasons for the emer¬ 
gence of sediment in vodka. 

Traces of chemical corrosion of bottle glass can be elimi¬ 
nated by active washing of the bottle inner surface using 8% 
NaOH solution (temperature 80°C) or 3% HC1 solution (tem¬ 
perature 50 - 60°C) with subsequent rinsing in water. 

In the first case, the surface is cleansed by dissolution 
and flaking of the corroded layer, and in the second case, by 
neutralization of excessive alkalinity and removal of the 
glass corrosion products. 

To conclude, it should be stressed that cases of sediments 
in vodka can be fully prevented by satisfying elementary re¬ 
quirements imposed to the production, storage, and use of 
bottles. 
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